Abstract. A new technique is described for studying controlled in vitro extension of plant cell walls. This technique uses frozen-thawed Avena coleoptile segments in which turgor is replaced by a constant applied force. In this system rapid extension is induced by low pH (3.0-3.6) but not by auxins or CO2. Extensions of over 30'% have been achieved. Our results indicate that cell wall synthesis is not required for rapid cell extension, and suggest that wall extension may be controlled by acid-labile, alkali-stable cell wall bonds.
Cell elongation, a major component of plant growth, involves an extension of the cell wall.12 Factors, such as auxins, that induce rapid elongation are thought to do so by increasing the extensibility of the cell wall,1,3 4 but the mechanism by which the extensibility is increased is still uncertain. One reason for this lack of knowledge has been our inability to study wall extension in an in vitro system. In vivo systems have two drawbacks. First, if a biochemical process such as wall synthesis increases in parallel with cell extension, it is difficult to determine whether this process is the cause or the result of extension, or unrelated to it. Secondly, since the rate of extension is sensitive to small changes in turgor pressure,5'6 it is difficult to determine whether factors that affect the growth rate do so by influencing the wall properties, or only by changing the turgor pressure.
The technique described here eliminates the above problems by using frozenthawed sections that have lost many of their biochemical activities, and by applying a constant external force to replace turgor pressure. Materials Results. Fig. 1 shows the response of a frozen-thawed coleoptile segment to hydrogen ions. Upon application of a constant force at pH 7, the section undergoes a certain amount (up to 25%) of rapid extension by viscoelastic creep (Cleland, creases so that by 30 min the length has almost become constant. At this point measurements of length against time are commenced. When the pH is changed to 3.6, rapid elongation begins after a lag of 1-15 min and continues at a constant rate for at least 1 hr. The rate of elongation depends upon the applied force and the pH (data not shown). The response is not "triggered" by hydrogen ions, but requires the constant presence of low pH, as changing the pH back to 7 quickly terminates the response (Fig. 1) . The response of frozen-thawed segments to auxin (indoleacetic acid) and to C02-saturated buffers (pH above 5) has been tested and no growth stimulations were observed. Likewise, alkaline conditions (pH up to 13) were unable to induce elongation.
If the segment is left at low pH, sizable amounts of elongation take place (Fig. 2) . After the first hour the rate of elongation decreases, but the final amount of elongation exceeded 30% of the initial length in several experiments. For comparison, this is the amount of extension which can be induced in a normal coleoptile segment in 8-10 hr with an optimal auxin treatment. This extensive elongation does not require cell wall synthesis or protein synthesis since wall synthesis (Table 1 ) and protein synthesis (data not shown) do not occur in frozen-thawed segments. Discussion. Cell wall extensibility, which is believed to be a controlling factor in cell elongation, is increased by auxin4"10 or low pH.'2 Two general theories have been proposed to account for the increase in extensibility; it may be controlled by synthesis of new cell wall material,'3" 4 or it may be due to the degradation of wall material already present.'5",6 Experiments using intact plant cells have been unable to distinguish between the two possibilities. For example, our inability to inhibit wall synthesis without seriously interfering with the general metabolism of the cell has made it impossible to assess the role of wall synthesis in cell elongation. Likewise, the role of degradative enzymes is not eliminated by the finding'7 that enzymes such as cellulase (EC 3.2.1.4) and f-1,3-glucanase fail to induce cell elongation when added to live coleoptile segments; this failure may simply be due to inability of the enzymes to penetrate to the necessary part of the wall, or to side-effects on turgor pressure. The in vitro system described here overcomes most of the above difficulties. The problems posed by penetration as well as secondary effects on turgor are eliminated by the use of frozen-thawed segments subjected to a constant applied force. Since wall synthesis does not occur in these frozen-thawed segments, its contribution to wall extension in this system is excluded. This technique may, therefore, permit a direct study of the biochemistry of cell wall extension.
Obviously the significance of any results thus obtained will depend on the relationship between wall extension in this in vitro system and normal cell wall extension. Rapid elongation of intact segments can be induced by three agents; '8 low pH,7'8"2 and CO.8 19 The in vivo auxin and low pH responses are similar in regard to the maximum rate of extension and the temperature dependence of elongation (unpublished results). This suggests that a single type of wall extension is common to both types of cell elongation. A quantitative comparison of the in vivo and in vitro extensions in response to low pH is difficult because they are caused by different distributions of stress in the cell wall.20 However, the in vitro extension resembles in vivo cell elongation in that the extension rate is constant for at least the first hour. This is in contrast to a viscoelastic extension, where the rate continuously decreases, or an in vitro extension in response to cellulase, where the rate continuously increases (unpublished data). Furthermore, the temperature dependence (Qlo) of the two responses is similar. The responses do differ, however, in two ways. The in vivo extension ceases within 90-130 min after the start of the low-pH treatment,7 while the in vitro extension persists for considerably longer periods. The cessation of elongation in live sections may simply be due to a drop in turgor in response to the low pH; sections often begin to shrink shortly after growth stops.7 Since turgor pressure is replaced by a constant applied force in the in vitro response, no such cessation of growth would occur. The two responses also differ in regard to the lag time between application of low pH and the beginning of rapid extension: the in vivo response shows a lag of 0-3 min7 while a lag of 1-15 min is usually observed with the in vitro response. We have no explanation for this difference.
While not conclusive, the evidence on hand suggests to us that the in vitro cell wall extension is similar to the in vivo wall extensions that occur in response to low pH and auxins, and that the biochemical mechanisms underlying these reactions is the same. If this is true, two conclusions can be drawn from these results. First, it is apparent that cell wall synthesis is not directly involved in the initiation of rapid cell wall extension. Wall synthesis will certainly be important for long-term cell elongation, but its role may only be to maintain the properties of the wall so that continued extension can take place. Secondly, it appears possible that the rate of wall extension is controlled by the hydrolysis of acid-labile, alkali-stable cell wall bonds. At least one such bond, the hydroxyproline-arabinose link,2' is known to occur in cell walls and has been suggested as a control site in cell elongation. Other acid-labile, alkali-stable bonds are thought to occur within cell walls22 and must also be considered potentially important. The action of auxin may be to allow the release into the wall of some agent capable of causing rupture of such bonds.
